Introduction {#Sec1}
============

Since its first documented human infection in Wuhan, China, in the winter of 2019, SARS-CoV-2, the causal agent of COronaVIrus Disease 2019 (COVID-19) that manifests as an aggressive viral pneumonia, has spread at unprecedented speed and scale resulting in a global pandemic \[[@CR1]\]. Despite drastic interventions implemented around the world to contain its spread, COVID-19 has progressed worldwide with significant resultant morbidity and mortality while stretching medical systems to their limits. An exponential increase of COVID-19 cases has also been observed in the USA, with over 200,000 patients confirmed as of 4/1/2020 and rapid daily growth \[[@CR2]\]. Thus, efforts are urgently needed to better understand the epidemiology and pathobiology of this illness to limit its impact.

The overall case fatality rate (CFR) of COVID-19 is estimated to be approximately 3--4%, although large variabilities exist with the highest reported in Italy (11.9%) and the lowest in Germany (1.2%) \[[@CR3]\]. Early epidemiologic studies emerging from China point to a strong association between advanced age and severity of illness \[[@CR4]\]. Similar observations were made in Italy, where up to 20% CFR was noted among patients greater than 80 years old \[[@CR5]\]. Numerous important age-associated cardiovascular comorbidities, such as hypertension and coronary heart disease, have also been linked to increased risk for worse outcomes including higher rates of ICU admissions and death \[[@CR6]--[@CR8]\]. Whether these epidemiological associations are attributed to high risk of infection among the elderly or lesser ability to recover from SARS-CoV-2 infection remain to be clarified.

In this review, we aim to highlight the pathobiology of SARS-CoV-2 and discuss its potential implications in the cardiovascular system. We then summarize the available epidemiological data with particular attention paid to cardiovascular comorbidities and outcomes. Finally, we discuss various cardiac manifestations of COVID-19.

SARS-CoV-2 Biology and Clinical Implications {#Sec2}
============================================

Coronaviridae, a family of positive strand RNA viruses causing human respiratory infections, was named for the crown-shaped outer coat seen on the electron-microscopy. First discovered in the 1960s, it received great attention during the 2003 SARS coronavirus (SARS-CoV) outbreak. There is approximately an 80% nucleotide sequence similarity \[[@CR9]\] between SARS-CoV and SARS-CoV-2, the pathogen of COVID-19. Hence, most of our understanding of the biology of SARS-CoV-2 has been extrapolated from prior research on the original SARS virus.

The "crown" seen on electron microscopy are protruding proteins called "spike proteins" which are essential to viral entry into human cells (Fig. [1a](#Fig1){ref-type="fig"}). Studies in mice and human cells demonstrated that the SARS virus enters into the cell via contact between the spike protein and angiotensin-converting enzyme 2 (ACE2) \[[@CR10]\], a regulator of the renin/angiotensin pathway expressed on a subset of cell surfaces. The contact of these two proteins triggers cleavage of the viral spike protein via an enzyme transmembrane protease, serine 2 (TMPRSS2), which then activates a cascade of molecular events leading to the fusion of the viral membrane envelope with the plasma membrane of the host cells and subsequent entry of viral contents into the cytoplasm \[[@CR11]\]. The spike protein of SARS-CoV and SARS-CoV-2 shares 76% of amino acid sequence and an overall conservation of structure \[[@CR12]\]. In vitro studies suggest SARS-CoV-2 may have an even higher affinity towards binding of ACE2 \[[@CR12]\], which may partially explain its higher transmission rate compared to SARS-CoV. As in SARS-CoV, in vitro studies showed SARS-CoV-2 enters the cell through ACE2, and inhibitors of the protease TMPRSS2 impairs viral entry \[[@CR13]••\]. It is most likely that ACE2 is the primary receptor by which viral entry occurs, but whether additional receptors exist for SARS-CoV-2 remains unknown.Fig. 1The role of ACE2 in COVID-19. a The spike protein of SARS-CoV-2 binds ACE2 on a cellular membrane, which triggers 1) endocytosis of the virus and subsequent sequestration of ACE2 or 2) cleavage of the viral spike protein via an enzyme TMPRSS2 leading to the entry of viral contents into the cytoplasm. b Normalized RNA expression of different tissue types from three transcriptomics datasets (HPA, GTEx, and FANTOM5) shows significant ACE2 expression in GI organs, the kidney, and the heart

Given the likely importance of ACE2 in pathogenesis of COVID19 and the respiratory tract being the primary site of viral entry into the body, investigators have focused on type 2 pneumocytes in alveoli as the presumed target cells of SARS-CoV-2, given that these cells express the highest level of *ACE2* and TMPRSS2 in the human lung \[[@CR14]\]. The viral infection and injury of these pneumocytes are thought to be central to the prominent diffuse alveolar damage seen on pathology of patients with COVID19. Interestingly, *ACE2* expression is low in the lower airways \[[@CR15]\], but more elevated in nasal ciliated and goblet cells, which may explain the symptom of anosmia which has been recently reported by Brann et al. \[[@CR16]\]. At the organ level, however, respiratory tissue carries significantly less *ACE2* (by 10--100-fold) than the digestive organs, kidneys, and heart (Fig. [1b](#Fig1){ref-type="fig"}) \[[@CR17]\]. The high expression of *ACE2* in the GI tract was thought to explain the frequent occurrence of GI symptoms with SARS. However, while GI symptoms are present in COVID-19 patients, they do not appear to be as frequent compared to SARS \[[@CR18]\], suggesting key vector-specific differences in tissue tropism. There are reports, however, of detection of viral RNA in the stool of asymptomatic patients, which raises the possibility of additional routes of asymptomatic spread \[[@CR19]\]. The relatively elevated expression of *ACE2* levels in the heart compared to the lungs also lends biological plausibility for the perceived elevated incidence of cardiac injuries seen in COVID-19 patients.

The central role of ACE2 in viral entry in combination with reported worse outcomes seen in patients with hypertension and diabetes fueled much of the speculation that ACE inhibitors (ACEIs) and angiotensin receptor blockers (ARBs), both commonly used by hypertensive or diabetic patients, may play a role in the observed increased risk. The evidence was mostly based on studies that have demonstrated a moderate increase in *Ace2* expression in the mouse heart treated with ACEIs \[[@CR20]\]. However, there is no such report of ACE2 level alterations in the lungs thus far. While theoretically, increased *ACE2* expression in the lungs may lead to worsened viral entry, the potential worsening of respiratory status and progression to ARDS in hypertensive and diabetic patients taking ACE inhibitors remains speculative. In addition, ACE2 is thought to be potentially protective in acute lung injury and ARDS, as the genetic knockout of *Ace2* in rodents results in worsened lung injury, and overexpression of *Ace2* in the lung is protective \[[@CR21]\]. This protective role of ACE2 is hypothesized to be due to modulation of the angiotensin response to lung, immune, and vascular cells within the pulmonary system \[[@CR22]\]. To address the role of angiotensin in lung injury, there is an ongoing clinical trial to examine whether losartan treatment affects outcomes in COVID-19 associated ARDS (NCT04312009). Given the known benefit of ACEI/ARB treatment in patients with diabetes mellitus, heart failure, and hypertension, many societies including the American College of Cardiology, American Heart Association, Heart Failure Society of American, and the European Society of Cardiology have released statements to advise against discontinuation of these medications in COVID-19 patients until more data are available \[[@CR23]\].

Cardiovascular Comorbidities and COVID-19 Outcomes {#Sec3}
==================================================

Recent epidemiological studies in China have reported a heightened risk of COVID-19 related complications in patients with pre-existing cardiovascular diseases and relevant risk factors (Table [1](#Tab1){ref-type="table"}) \[[@CR5], [@CR6], [@CR8], [@CR24]--[@CR26]••\]. While variabilities exist among reported studies, rates of hypertension, diabetes mellitus, and coronary heart disease appear to be higher among those with worse outcomes from COVID-19. Most notably, Guan et al. \[[@CR26]••\] pooled data of laboratory confirmed 1099 COVID-19 patients from 552 hospitals in 30 provinces in China through January 2020 and found that rates of hypertension (23.7% vs 13.4%) and diabetes (15.2% vs 5.7%) were significantly higher among patients with severe vs non-severe pneumonia. A similar trend existed regarding primary endpoints defined as admission to an intensive care unit, the use of mechanical ventilation, or death (35.8% vs 13.7% for hypertension, 26.9% vs 6.1% for diabetes). Active smoking, which has adverse effects on both cardio and pulmonary systems, was also associated with worse composite outcomes (25.8% vs 11.8%). While overall rates were low, pre-existing coronary heart disease was also more prevalent among those with a severe form of pneumonia (5.8% vs 1.8%). These findings were replicated in several additional studies (Table [1](#Tab1){ref-type="table"}). However, these results were not adjusted for age or other relevant variables and therefore caution is needed when interpreting these results. Additionally, it is unclear if being more ill affected the accuracy of documented risk factors, as the overall incidences of hypertension and smoking observed are significantly lower than those seen in other large general Chinese cohort studies \[[@CR27]\]. While limited, preliminary data from the USA and Italy also suggest higher prevalence of underlying cardiovascular diseases in patients with poor outcomes \[[@CR5], [@CR25]\].Table 1Summary of reported rates of cardiovascular comorbidities and outcomes after COVID-19PaperStudy populationRates of cardiovascular comorbiditiesGuan et al.1099 patients from 552 hospitals in 30 regions in ChinaBreakdownAll (1099)non-severe (926)Severe (173)Age47yo45yo52yoHTN165 (15%)124 (13.4%)41 (23.7%)Coronary heart disease27 (2.5%)17 (1.8%)10 (5.8%)Wang et al.138 patients in Zhongnan hosp in WuhanBreakdownAll (138)no-ICU (102)ICU (36)Age56yo51yo66yoHTN43 (31.2%)22 (21.6%)21 (58.3%)Cardiovascular disease20 (14.5%)11 (10.8%)9 (25%)Wu et al.201 patients in Wuhan Jinyintan hospBreakdownAll (201)no-ARDS (117)ARDS (84)Age51yo48yo58.5yoHTN39 (19.4%)16 (13.7%)23 (27.4%)Cardiovascular disease8 (4%)3 (2.6%)5 (6.0%)Zhou et al.191 patients in Jinyintan hosp and Wuhan Pulmonary hospBreakdownAll (191)survivors (137)non-survivors (137)Age56yo52yo69yoHTN58 (30%)32 (23%)26 (48%)Cardiovascular disease15 (8%)2 (1%)13 (24%)Onder et al.355 pts. died of COVID-19 in italymean age79.5yoIschemic heart disease117 (30%)atrial fibrillation87 (24.5%)Arentz et al.21 pts. in ICU, Evergreen hosp, WA, USCongestive heart failure9 (42.9%)

Cardiac Complications of COVID-19 {#Sec4}
---------------------------------

Initial reports from Wuhan noted a significant association of the presence of cardiac complications with overall mortality in COVID-19 patients \[[@CR7]\]. Notably, Ruan Q et al. showed that among those who died due to COVID-19, the cause of death was respiratory failure and myocardial injury in 33% (22/68) of the patients and primary myocardial injury and/or heart failure in 7% of the patients \[[@CR7]\]. These observations were further corroborated in a study by Shi et al. \[[@CR28]•\] who showed higher rates of ventilator requirement and in-hospital mortality in those with cardiac injury. In their Cox regression model, patients with cardiac injury were at a higher risk of death throughout the disease course compared to those without. Given these observations, much focus has been placed on better understanding cardiovascular sequelae of COVID19. The observed cardiovascular complications associated with COVID-19 can be roughly characterized into 1: myocardial injury and heart failure 2: arrhythmias.

### Myocardial Injury and Heart Failure {#Sec5}

Several published and unpublished case series have documented elevated serum troponin levels in a significant fraction (5--7%) of hospitalized COVID-19 patients \[[@CR1], [@CR8]\]. While the degree of troponin elevation was mild in the majority of cases, the presence of myocardial injury (as manifested by troponins above the upper range of normal) was associated with a significantly worse prognosis \[[@CR28]•\]. It remains unclear whether the association with worse outcomes is simply reflective of selection of an older, sicker population more prone to demand ischemia with metabolic compromise during critical illness or direct myocardial injury caused by the virus or its inflammatory sequelae (Fig. [2](#Fig2){ref-type="fig"}). Relatively high levels of ACE2 protein expression on cardiomyocytes may theoretically lead to increased risk of viral susceptibility and virus mediated injury. However, while there are anecdotal reports of clinical presentations consistent with myocarditis \[[@CR29]•\], significant incidence of myocarditis has not been reported in any larger case series thus far. To date, there has been very limited pathologic or radiologic proof of myocarditis as a direct sequelae of COVID-19. Determining the true prevalence of these events is critical. Alternatively, the observed incidence of myocardial injury could be due to the increased risk of myocardial ischemic insult due to the poorly understood pleiotropic pro-thrombotic inflammatory sequelae from viral infections. An increased risk of myocardial infarction as determined by serological evidence of myocardial injuries has been well-documented in influenza infections at similar prevalence \[[@CR30]--[@CR32]\]. This would suggest that the intravascular prothrombotic effect observed in COVID-19 patients is the consequence of the overall inflammatory state rather than a COVID19-specific phenomenon.Fig. 2Potential mechanisms for myocardial injury caused by COVID-19

Regardless of the cause of myocardial injuries, early case reports of critically ill patients have found a significant fraction of patients developing clinical heart failure. Zhou et al. from Wuhan found that 28/54 of those who succumbed to the disease had heart failure---albeit the definition of "heart failure" employed was not stated, and a broad definition of acute cardiac injury (cardiac biomarkers \> 99th percentile of the upper reference limit or new abnormalities on EKG or echocardiography) was used in this study. The case series of critically ill patients from Seattle showed cardiomyopathy in 7/21 patients, as defined by globally reduced left ventricular ejection function or decreased central venous saturation to \< 70% \[[@CR25]\]. While the frequency of patient with cardiac dysfunction is notable in these reports, some limitations such as small sample size, very high (44%) baseline history of "CHF", and the lack of clearly defined criteria for heart failure limit the generalizability of these studies. It is worth noting that high incidence of heart failure was not mentioned in a larger case series from China \[[@CR26]••\] nor in the Italian experience thus far \[[@CR33]\].

### Arrhythmia {#Sec6}

A published study and additional anecdotal reports have highlighted the presence of arrhythmia and even sudden cardiac death in critically ill COVID-19 patients. The first case series out of Wuhan documented 16.7% and 44% incidence of arrhythmia in those hospitalized for COVID-19 and admitted to the ICU respectively \[[@CR8]\]. Unfortunately, the exact nature of the arrhythmias was not detailed in this study. Interestingly, a high incidence of arrhythmias was not reported in several subsequent larger case series from China \[[@CR26]••\]. One would expect a majority of the reported arrhythmias are atrial, as similarly elevated rates of atrial arrhythmia were seen in longitudinal studies on Medicare patients hospitalized with sepsis \[[@CR34]\]. It remains to be determined whether a significant portion of COVID-19 patients have hemodynamically significant ventricular arrhythmias. The high prevalence of myocardial injury may itself increase life-threatening arrhythmias and contribute to worse outcomes. More definitive epidemiologic data is urgently needed. Of note, some of the therapies empirically used to treat SARS-CoV-2 infections such as chloroquine, have known effects on myocyte repolarization \[[@CR35]\], resulting in increased risk of QT prolongation and subsequent arrhythmia. Given the high incidence of electrolyte abnormalities in ill patients, high vigilance by the treatment teams is required to avoid iatrogenic harm.

Conclusion {#Sec7}
==========

COVID 19, the viral illness caused by SARS-CoV2, continues to spread across the world with alarming speed and a reported case fatality rate of \~ 3--4% worldwide without any proven therapies. The virus's port of entry into human cells, ACE2, is expressed in the myocardium, but whether direct viral damage is contributing to the disease remains unknown. Anecdotal reports and small case series have suggested an increased risk of myocardial injury, arrhythmia, and heart failure as sequelae of the disease, but more concrete epidemiological evidence is required to confirm these findings. There is strong evidence that those with underlying cardiovascular disease and risk factors are at much higher risk for worse outcomes from SARS-CoV-2 infections, but whether this is causal or simply an association remains elusive. Given that we currently have no proven effective therapy against SARS-CoV2, understanding the root cause of this association is particularly critical, as it may lead to avenues for intervention. In the meantime, keeping human-to-human transmission rates as low as possible through numerous interventions around the world is our only hope to prevent healthcare systems from being overwhelmed and to buy us time for effective therapies to be developed.
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